INTRODUCTION
============

Dielectric materials, commonly referred to as electrical insulators, have received much attention owing to their strong electron bonding, good support of electric fields, and low energy loss ([@R1]--[@R3]). In particular, the polarization and depolarization that occur in dielectrics as a result of an external electric field have been investigated as a means to efficiently charge and discharge electricity. This capability is very useful when applied to capacitors ([@R4]--[@R6]). Dielectrics have also been widely used in many applications, such as transistors ([@R7], [@R8]), photovoltaic devices ([@R9], [@R10]), and electrical insulation ([@R11]).

Recently, the triboelectric nanogenerator (TENG), which converts mechanical energy into electricity, has been suggested as a new energy-harvesting technology. Since 2012, it has been proven as a cost-effective, simple, and efficient technique for the realization of various self-powered systems, such as sensors ([@R12], [@R13]) and charging systems ([@R14], [@R15]). However, greater output performance is essential for the implementation of TENG in practical applications. Although various strategies to enhance the output performance have been reported, an effective dielectric for creating the device with high performance should be developed because the output power is critically dependent on the density of the charges transferred ([@R16], [@R17]). To date, various dielectric materials, such as polydimethylsiloxane (PDMS) ([@R18]), poly(methyl methacrylate) (PMMA) ([@R19]), polyimide (PI) ([@R20]), polyvinylidene difluoride (PVDF) ([@R21]), and polytetrafluoroethylene (PTFE) ([@R22]), have been used without any modifications, and the resulting electrical signals were extremely weak. Very recently, modification of properties, such as compressibility ([@R16]), surface potential ([@R23]), and hydrophobicity ([@R24]), in a few TENGs has been reported; however, most of them have focused of partial reports of the effects of output performance. The parameters mentioned above may also be interrelated to each other. Therefore, the establishment of an interrelated library for the development of dielectrics from a materials perspective may be needed.

PVDF, a dielectric polymer with a good piezoelectric/pyroelectric response and low acoustic impedance, has been considered as one of the most widely studied dielectric materials in mechanical energy--harvesting technologies. In particular, it can be formed in a variety of nanostructures, such as nanowires, nanofibers, and nanotubes, and can be flexible; therefore, the use of PVDF has been successfully demonstrated in a number of devices, such as capacitors, sensors, and TENGs ([@R25]--[@R27]).

Following the principle that grafting one polymer onto another polymer backbone can combine the benefits of each parent polymer, we set out to design and synthesize PVDF graft copolymers to incorporate poly(*tert*-butyl acrylate) (PtBA) through an atom-transfer radical polymerization (ATRP) technique as an efficient dielectric to enhance the output performance of the TENGs. Grafting of PtBA onto the PVDF backbone suppressed the formation of the β phases; hence, the PVDF-G*n* graft copolymers were mainly composed of α phases. As the grafting ratio increased to 18%, the dielectric constant values increased from 8.6 to 16.5 in the frequency ranging from 10^2^ to 10^5^ Hz, which was attributed to the increase of the net dipole moment of the materials, and supported by the Kelvin probe force microscopy measurements (KPFMs). The TENG fabricated with the graft copolymer generated an output voltage of 64.4 V and a current density of 18.9 μA/cm^2^, twice the enhancement in both, compared to pristine PVDF--based TENG. Further increase in the output performance to 105 V and 25 μA/cm^2^, a 20-fold enhancement in output power, was also obtained by tuning the surface potential with the poling method, which improved the charge-accepting characteristics. The enhanced output performance was quite stable and reliable in a harsh mechanical environment due to the high flexibility of the film. A much faster charging property was also demonstrated in this study.

RESULTS AND DISCUSSION
======================

The PtBA-grafted PVDF copolymers were prepared with ATRP ([Fig. 1A](#F1){ref-type="fig"}), in accordance with previously established methods in the literature ([@R28]). The grafting ratios were controlled as a function of various reaction times (12 to 72 hours) under the same conditions, yielding three samples with a different number-average molecular mass (*M*~n~ = 180.0 to 218.5 kDa). In a careful inspection of the ^1^H nuclear magnetic resonance (NMR) spectra of the samples ([Fig. 1B](#F1){ref-type="fig"}), the composition of the graft copolymers was calculated on a mole basis from the integral ratio of two noticeable resonances at 2.3 to 2.5 and 2.9 to 3.2 parts per million (ppm) attributed to head-to-head and head-to-tail configurations of PVDF and the signals at 1.4 to 1.65 ppm associated with the *tert*-butyl group in PtBA using the following equations ([@R29])$$\mathit{x} = \frac{(\mathit{i}\mathit{n}\mathit{t}\mathit{e}\mathit{g}\mathit{r}\mathit{a}\mathit{l}_{1.4 - 1.65})/9}{(\mathit{i}\mathit{n}\mathit{t}\mathit{e}\mathit{g}\mathit{r}\mathit{a}\mathit{l}_{2.3 - 2.5} + \mathit{i}\mathit{n}\mathit{t}\mathit{e}\mathit{g}\mathit{r}\mathit{a}\mathit{l}_{2.9 - 3.2})/2}$$$$\text{PtBA\ mole\ percent}~(\text{mol}\%) = \frac{\mathit{x}}{1 + \mathit{x}} \times 100$$

![Synthesis of PVDF-G*n* graft copolymers.\
(**A**) Synthesis of PVDF-G*n* graft copolymers and photograph of the PVDF and PVDF-G18 NMP solutions. ^1^H NMR (**B**) and FTIR (**C**) of PVDF and PVDF-G*n*.](1602902-F1){#F1}

The mole percent of PtBA in the graft copolymer was determined as 10, 15, and 18%. Here, the graft copolymers were designated PVDF-G*n*, where G*n* refers to the mole percent of PtBA grafting. In addition, as shown in [Fig. 1C](#F1){ref-type="fig"}, the Fourier transform infrared (FTIR) spectra of the PVDF-G*n* showed the appearance of the absorption bands at 1725 cm^−1^ assigned to the stretching vibrations of the ester carbonyl groups, in contrast with pristine PVDF. Also, as the grafting ratios of PtBA were increased, we observed the gradually enhanced intensity of the carbonyl bands relative to the methylene stretching bands of PVDF at about 1404 cm^−1^, which further substantiates the PtBA content determined above.

As for a dielectric, the solutions were casted on a very flat SiO~2~/Si substrate with a blocking layer. After the annealing process, the film was peeled off from the substrate and glued on an Al film using a Kapton film, followed by the attachment of the Al electrode to fabricate the TENG, as shown in [Fig. 2](#F2){ref-type="fig"} (A and B). The detailed experimental procedures are also described in Materials and Methods. [Figure 2B](#F2){ref-type="fig"} also shows that the resultant film appeared white and quite flexible after it was peeled off. The TENG had an active area of 2 cm × 2 cm, with the spacer between the bottom electrode and the PVDF-G*n* film made of four springs in each corner. The output voltages and current densities of the TENGs were measured and plotted in [Fig. 2B](#F2){ref-type="fig"} and fig. S1. A cycled compressive force of around 50 N at an applied frequency of 10 Hz was applied. The TENG with pristine PVDF film showed small ac-type electrical output performance of less than approximately 32.9 V and 7.7 μA/cm^2^. For the PVDF-G10, the output voltage and current density were increased to 45 V and 8.3 μA/cm^2^, respectively. Furthermore, the highest enhancement (with an output voltage of 64.4 V and a current density of 18.9 μA/cm^2^) was observed in PVDF-G18 under the same mechanical force. To show the high output performance of the TENG, we used various polymers, such as PI, PTFE, and polyvinyl chloride, as dielectrics in the TENGs and measured the electrical output performances. Figure S2 shows that the TENG with the PVDF-G18 film generated the largest output voltage and current density, compared with those with other polymers. The instantaneous power densities were also obtained by measuring the output voltages and current densities of the PVDF-G18--based TENG with external loads from 1 ohm to 1 gigohm, plotted in [Fig. 2C](#F2){ref-type="fig"}. At 10 megohms, approximately 0.45 mA/cm^2^ was obtained, a 20-fold enhancement in output power, compared with pristine PVDF--based TENG in fig. S3. The energy conversion efficiency of PVDF-G18--based TENG was estimated as the ratio between the output energy produced by the TENG and the input energy applied to the TENG. By considering the mass and the velocity of the top layer, the kinetic energy (that is, the input energy) was calculated to be 0.481 mJ. With an external load resistance of 10 megohms, the electrical energy produced by the TENG was approximately 0.054 mJ. Thus, the maximum energy conversion was calculated to be approximately 11.23%.

![Fabrication of PVDF-G*n*--based TENGs and its output performance.\
(**A**) Schematic diagrams of the fabrication process for the PVDF-G*n*--based TENGs. (**B**) Photographs of a flexible PVDF-G*n* film after it was peeled off and a PVDF-G*n*--based TENG. (**C**) Output current densities generated by the PVDF-based TENGs as a function of the PtBA mole percent ranging from 0 to 18%. (**D**) Output voltages, current densities, and output power densities of the PVDF-G18--based TENG with the resistance of external loads from 1 to 10^9^ ohms. (**E**) Charge densities generated by the PVDF-based TENGs as a function of the PtBA mole percent ranging from 0 to 18%. (**F**) Measured voltage of a commercial capacitor (1, 2.2, 3.3, 10, 22, 33, 100, 220, 330, and 1000 μF) charged with ac-to-dc signal converting circuit using PVDF-G18--based TENG.](1602902-F2){#F2}

The transferred charge density of all samples significantly increased with the mole percent, showing agreement with the simulation and experimental results in [Fig. 2D](#F2){ref-type="fig"} and figs. S4 and S5. According to a previous report ([@R16]), the dielectric constant of the dielectric plays a very important role in determining the electrical output performance of the TENG. The total transferred charge density (σ′) on the top electrode of the TENG can be expressed as ([@R30])$$\sigma\prime = \frac{- \sigma_{0}\mathit{d}_{\text{gap}}}{\mathit{d}_{\text{gap}} + \mathit{d}_{\text{PVDF}}/\varepsilon_{\text{PVDF}}}$$where σ~0~ is the triboelectric charge density at the equilibrium state; *d*~gap~ and *d*~PVDF~ are the gap distance and thickness of PVDF-based films, respectively; and ε~PVDF~ is the dielectric constant of PVDF-based films. According to [Eq. (3)](#E3){ref-type="disp-formula"}, the obtained σ′ can increase as the dielectric constant increases. Using the COMSOL Multiphysics software, we also calculated electrostatic potentials inside the TENG with PtBA mole percent, as shown in fig. S5. When the TENG is fully released, if we assume the electric potential (*U*~bottom~) of the surfaces of the bottom layer to be zero, the electric potential of the surfaces of the top dielectric layer (*U*~top~) can be expressed as *U*~top~ = σ′*d*~gap~/ε~0~, where σ′ is the total transferred charge density, ε~0~ is the vacuum permittivity of free space (8.854 × 10^−12^ F m^−1^), and the gap distance (*d*~gap~) of the TENG can be assigned as *d*~gap~ = 1 mm. The dielectric constant of the PVDF-G*n* film was obtained from the results, measured to be 9.1 to 16.5. It is clear that the potential increases with PtBA mole percent, meaning that the output power of the TENG is enhanced.

To show their practical application, we evaluated the capacitor charging characteristic of the TENGs, which were integrated with an ac-to-dc converting circuit, as shown in fig. S6A. The converting circuit consists of one rectifier, three low capacitors (3 × 0.001 μF), and one capacitor (1, 2.2, 3.3, 10, 22, 33, 100, 220, 330, and 1000 μF) to convert the output signal from ac to dc. When a vertical compressive force of 50 N under a frequency of 10 Hz was applied, the capacitors were charged up to approximately 4 V when a 1000-μF capacitor was used. It was also clearly seen that the capacitor charge by the PVDF-G18--based TENG was much faster and the charged voltage was twice larger, compared with those of pristine PVDF--based TENG (fig. S6B).

[Figure 3](#F3){ref-type="fig"} shows the flexibility and durability of the PVDF film--based TENG. To show this flexibility, we bent the films 3000 times, as shown in [Fig. 3A](#F3){ref-type="fig"}, and measured the output current densities, as compared with those measured before the bending. As shown in [Fig. 3B](#F3){ref-type="fig"}, neither TENG exhibited a significant change in the output current densities before or after bending, indicating that the films are quite stable in harsh environments. The PVDF-G18--based TENG still generated a higher output current than the pristine PVDF--based one. The output current density generated by the PVDF-G18--based TENG also did not appear to change significantly at 18,000 cycles during the test. This result reveals the robustness and mechanical durability of TENGs in practical settings.

![Mechanical bending, stability, and durability test of PVDF-G*n*--based TENG.\
(**A**) Mechanical bending tests of the PVDF-based TENG. (**B**) Output current densities generated by pristine PVDF-- and PVDF-G18--based TENGs before and after bending 3000 times. (**C**) Stability and durability test of the TENG under cycled compressive force of 50 N over 18,000 cycles.](1602902-F3){#F3}

The enhancement in output power due to grafting was analyzed in many ways because there are many factors influencing the output power, such as the surface roughness of the contact layers, the compressibility of the triboelectric materials, the dielectric properties, and the surface potentials ([@R16], [@R17], [@R23], [@R31]). Furthermore, these factors may be interrelated to each other, meaning that the main reason for the enhancement was not easy to find. First, we evaluated the surface morphology of the PVDF-G*n* films measured using atomic force microscopy (AFM), as shown in fig. S7A. The root mean square roughness value was measured to be approximately 98.11 nm at the PVDF-G18, and there was no significant change as the mole percent decreased from 18 to 0%, as shown in fig. S7A. We strove to minimize the effect of the roughness by casting the solution on a very flat SiO~2~/Si substrate and peeling off the film to make a very flat PVDF surface because an important factor in enhancing the output performance of the TENG is to increase its surface roughness. These results may imply that the effect of the roughness on the output power is negligible.

The cross-sectional scanning electron microscopy (SEM) images of the PVDF-G*n* films with the grafting ratio are shown in fig. S7B. Here, the thickness of all films was fixed to approximately 30 μm. All films were quite porous, which is most likely due to the slow solvent removal process at low temperature (\~60°C). These porous structures are effective in enhancing the output power because the output performance is significantly dependent on compressibility ([@R16]). Here, to measure the compressibility of the films, we evaluated resistance to deformation by external force using the Berkovich indenter, which induces a much higher local strain than uniaxial compression. The loading and unloading curves measured by the nanoindentation test on the PVDF-based films are shown in fig. S8. The nanoindentation results show that plastic collapse occurs in all samples during loading and unloading. The loading-unloading curves for PVDF-based films shown in fig. S8A indicate their repeatable plastic deformation, with the same displacement depth of approximately 1 μm when in uniaxial compression. On the basis of the nanoindentation test (fig. S8B), one can conclude that there is no change in the elastic modulus and hardness of PVDF-based films, meaning that the films exist with partially elastic recovery and not perfectly elastic recovery and are mixed via the elastic-plastic transition.

With two important factors excluded, we measured the frequency-dependent dielectric properties of the PVDF-based films over the frequency range of 10^2^ to 10^6^ Hz at room temperature, plotted in [Fig. 4](#F4){ref-type="fig"}. To measure the dielectric constants, PVDF-based films were prepared on an Au/Si substrate, and Au as a top electrode was then deposited using an e-beam evaporator. For the pristine PVDF film, the dielectric constant was measured to be approximately 8.6 in the frequency range of 10^2^ to 10^5^ Hz, which is almost the same as in previous reports ([@R32], [@R33]). There is a significant drop in the dielectric constant in the higher frequency range (10^5^ to 10^6^ Hz). This is because the dipole relaxation of the polymers cannot catch up with the external oscillating field. As the grafting ratios in the backbone increased, the dielectric constant gradually increased. In consequence, the PVDF-G18 shows a superior dielectric constant value of up to 16.5 (fig. S9). There is no significant change in the loss tangent (\~0.03) of all samples, except those in the higher frequency range. This means that the dielectric constant values are quite reliable. In principle, the dielectric constant has a strong correlation with polarizability and free volume of the elements present in the materials, as formulated in the Clausius-Mossotti equation ([@R34]). The π-bonding and polar characteristics of the ester groups (−COO--) in the PtBA are able to not only hold relatively great polarizability but also increase the net dipole moment in the backbone. These are considered to be major factors contributing to the improvement of dielectric constant values in the graft copolymers ([@R34]).

![Dielectric constant and loss tangent for PVDF-G*n* films.\
Frequency dependence of (**A**) dielectric constant values and (**B**) loss tangent for PVDF-based films with various PtBA mole percents ranging from 0 to 18%.](1602902-F4){#F4}

To investigate the relationship between the dielectric constant and output performance of the TENG, we compared the output currents of PVDF-based TENGs as a function of measuring time, as plotted in [Fig. 5A](#F5){ref-type="fig"}. The output current increases with the mole percent, as also shown in [Fig. 3](#F3){ref-type="fig"}. Note that the time taken for the output to reach 90% of the final current also increases with the mole percent from 3.15 (±0.51) s to 14.48 (±0.58) s, as plotted in [Fig. 5B](#F5){ref-type="fig"}. In general, in a film-type capacitor, the accumulated charges (*Q*) can be expressed as$$\mathit{Q} = \mathit{C}\mathit{V}\left\lbrack 1 - \mathit{e}^{- \frac{\mathit{t}}{\mathit{R}\mathit{C}}} \right\rbrack$$where *C*, *V*, *t*, and *R* are the capacitance, input voltage, charging time, and resistance, respectively. Assuming that *V* is constant, *C* can be calculated using the equation *C* = ε~0~ε~r~*A*/*d*, where ε~0~, ε~r~, *A*, and *d* are the permittivity of free space (8.854 × 10^−12^ F m^−1^), dielectric constant of the material, contact area (4 cm^2^), and distance (30 μm) between the top and bottom electrodes, respectively. Thus, the charges can be expressed with the dielectric constant in [Fig. 5C](#F5){ref-type="fig"}. As the dielectric constant doubles, the charges increase by two times and the saturation time also increases from 2.3 to 4.52 s, which agrees well with the experimental results. This indicates that the increase in the dielectric constant can enhance the maximum charge density that can be sustained on the surface of the dielectric.

![Relationship between the dielectric constant and output performance of PVDF-G*n*--based TENG.\
(**A**) Measured output currents of the PVDF-based TENG with the grafting ratio. (**B**) Saturated time and output current as a function of the PtBA mole percent ranging from 0 to 18%. Error bars represent SEM. (**C**) Calculated charging time of the capacitor increases from 2.3 to 4.52 s with the increase of the dielectric constant.](1602902-F5){#F5}

Finally, we further measured the surface potential difference of the pristine PVDF and PVDF-G18 to understand an important parameter that can affect output performance ([Fig. 6A](#F6){ref-type="fig"}) by the KPFM tools, compared to the Pt-coated Si tip. The surface potential values were calculated as −156 mV for the Au film and −370 mV for the PVDF film, whereas PVDF-G18 showed a relatively higher potential value of +260 mV. Assuming that the surface potential of Al is not changed during the full cycle, the measured surface potential values indicate that the difference in work function between Al and PVDF-G18 is smaller than that between Al and pristine PVDF, as shown in [Fig. 6B](#F6){ref-type="fig"}. The decrease in work function with the grafting was supported by ultraviolet photoelectron spectroscopy (UPS) spectra, as shown in [Fig. 6C](#F6){ref-type="fig"}. The work function can be determined from the difference between the incident light energy (*h*ν = 21.22 eV) and the energy of the secondary cutoff (*E*~cutoff~) as *W* = *h*ν -- (*E*~cutoff~ -- *E*~F~). The onset of the secondary electron peak shifted toward a lower binding energy by 1.19 eV for pristine PVDF and 0.48 eV for PVDF-G18, as compared with Al. On the basis of these results, the work function can be estimated to be approximately 5.55 (±0.19) eV and 4.84 (±0.16) eV in pristine PVDF and PVDF-G18, respectively ([Fig. 6D](#F6){ref-type="fig"}), which agrees with the KPFM results. According to previous work, it is expected that the electron transfer from the Al to PVDF-G18 is not effective; therefore, the output performance of the TENG should be decreased because of the low electric potential generated between them.

![Surface potential and UPS measurement of PVDF-G*n* films.\
(**A**) KPFM surface potential distribution images (3 μm × 3 μm) of Au, pristine PVDF, and PVDF-G18 films. (**B**) Work function values of pristine PVDF and PVDF-G18 films, obtained from the KPFM results. (**C**) UPS spectra and (**D**) the change in work function of Al, pristine PVDF, and PVDF-G18 films. Error bars represent SEM.](1602902-F6){#F6}

The decrease of the work function in PVDF-G18 may be explained in terms of microstructural change. The crystalline properties of PVDF-based films were characterized by x-ray diffraction (XRD), compared with those of the PVDF film, and plotted in [Fig. 7A](#F7){ref-type="fig"}. For the PVDF film, two representative peaks at 17.9° and 20.6° were observed. We thought that the two peaks would correspond to the (100) plane of the α phase and the (200) plane of the β phase, respectively. However, we found that the β (200) peak, which was quite asymmetric, could be deconvoluted into two peaks, α (110) and β (200) ([@R35]), as shown in [Fig. 7B](#F7){ref-type="fig"}. With the grafting, the peak intensity of α (110) significantly increased, whereas the β (200) peak almost disappeared. In general, the β phase is formed due to the rotation of the CF~2~ chains when annealed ([@R36]). The chain mobility is strongly related to the structure of the molecules, molecular weight, chain length, etc. ([@R37]). This implies that the increase in the molecular weight and steric bulkiness can suppress the rotation ofthe chains in PVDF-G*n* films; therefore, β phase is not likely to be formed.

![XRD pattern of PVDF-G*n* films.\
(**A**) High-resolution XRD patterns of pristine PVDF and PVDF-G*n* films as a function of PtBA mole percent. (**B**) Expanded view of the second peak in (A). The peak can be deconvoluted into two peaks, α (110) (red) and β (200) (blue) phases.](1602902-F7){#F7}

In general, the dipole moment originates from the asymmetric structure of the β phase in PVDF film and is directed toward the surface of the film. This is because CF~2~ dipoles are rotated by the thermal energy and dipole moments that are uniformly aligned in parallel to the substrate ([@R38], [@R39]). However, the β phases significantly decreased in PVDF-G*n* films. Thus, the increase in net dipole moments may be attributed to the formation of the polar molecules, that is, the polar β phase. In general, the change in the surface potential (Δ*V*) is defined through the Helmholtz equation ([@R40])$$\Delta\mathit{V} = 4\pi\frac{\mathit{N}\mathit{P}_{0}\text{cos}(\theta)}{\mathit{A}\varepsilon}$$where *A* is the surface area, *N* is the number of molecules, *P* is the dipole moment, *P*~0~ is the dipole moment of the free molecule in a vacuum, θ is the molecular tilt angle, and ε = (*P*~0~/*P*) is the effective dielectric constant of a molecular monolayer. The surface potential changes of Δ*V* = −214 mV for pristine PVDF and Δ*V* = +416 mV for PVDF-G18 result in the dipole moments of 1.26 and 3.41 D with opposite directions, respectively. By the KPFM result, the net dipole moment in PVDF-G*n* films is directed toward the substrate, opposite to that in the β phase, as shown in fig. S10. In general, the direction is influenced by the chain structure ([@R34]). In the β phase in PVDF film, the high dipole moment of --CF~2~ units is aligned on the same side. As the grafting ratio increased, the extent of dipole orientation for the C--F bonds directed parallel to each other decreased, resulting in the opposite net dipole direction of the PVDF-G*n* film ([@R34]). Thus, one can conclude that the increase in the dielectric constant value is a dominant factor in the enhancement in the output power of the TENG.

On the basis of the measured surface potential of the PVDF film, for further enhancement in the output power, we poled the film at 100 MV m^−1^ for 30 min and aligned the dipole direction to increase the work function difference with the Al. [Figure 8](#F8){ref-type="fig"} shows the output voltages and the output currents, depending on the poling electric field direction. For pristine PVDF film, the TENG generated 65 V and 11 μA/cm^2^ under forward bias and −14 V and −2.7 μA/cm^2^ under reverse bias. As the grafted PtBA reached 18%, the output voltage and current density were measured to be 105 V and 25 μA/cm^2^ under forward bias and −39 V and −11 μA/cm^2^ under reverse bias. The significant increase in the output power of PVDF-G*n* results from the positive charges on the surface of forward-polarized PVDF brought into contact with the aluminum, whereas the other side of its surface is covered by the back electrode.

![Output performance depending on the poling electric field direction.\
Output voltages and current densities for (**A**) pristine PVDF--based and (**B**) PVDF-G18--based TENGs under different poling electric field directions. (**C**) Circuit diagrams and different performances among TENGs fabricated under different poling electric field directions.](1602902-F8){#F8}

CONCLUSION
==========

In summary, we reported a facile approach to enhance the output power of TENG with the successful synthesis of PtBA-grafted PVDF copolymers for dielectric constant control. The copolymers were prepared using the ATRP technique, and the PtBA was grafted up to 18%. In high-resolution XRD spectra, it was found that the β phases significantly decreased; thus, the copolymers were mainly composed of α phases with an enhanced dipole moment by π-bonding and polar characteristics of the ester functional groups in the PtBA. As the grafting ratio increased to 18%, the dielectric constant values increased from 8.6 to 16.5 in the frequency range of 10^2^ to 10^5^ Hz, which we attributed to the increase of the net dipole moment, supported by the KPFM measurements. This increase in the dielectric constant increased the density of the charges that could be accumulated on the surface, generating output signals of 64.4 V and 18.9 μA/cm^2^, twice the enhancement in both, compared to pristine PVDF--based nanogenerator. To prove this, we calculated the accumulated charges on the surface with different dielectric constant values, which showed an excellent correspondence with the measured output current values. The enhanced output performance is quite stable and reliable in harsh mechanical environments due to the high flexibility of the films. Further increase in the output signals to 105 V and 25 μA/cm^2^, a 20-fold enhancement in output power, was also achieved by poling the film to align the dipole direction, which improved the charge-accepting characteristics by increasing the work function of the copolymer. The enhanced output power resulted in a much faster charging property.

MATERIALS AND METHODS
=====================

Materials and instruments
-------------------------

PVDF \[KF1100; *M*~n~ = 168.8 kDa, polydispersity index (PDI) = 2.94\] was purchased from Kureha. *tert*-Butyl acrylate (tBA) was purchased from Sigma-Aldrich and was passed through an aluminum oxide column to remove the inhibitor before use. Copper(I) chloride (CuCl, 99.999%) and 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) were purchased from Alfa Aesar. 1-Methyl-2-pyrrolidone (NMP) was purchased from JUNSEI. All solvents were reagent grade, and all reagents were used as received. The molecular mass of PVDF and graft copolymers were measured by gel permeation chromatography (GPC) conducted at 23°C in *N*,*N*′-dimethylformamide (DMF) at a flow rate of 1 ml/min, using an Agilent 1260 Infinity GPC system equipped with a PLgel 5 μm Mixed B column (Polymer Laboratories) and differential refractive index detectors. Monodisperse PS standard (Polymer Laboratories) was used for calibration. ^1^H NMR was performed in deuterated DMF, using a 400-MR DD2 (Agilent) 400-MHz spectrometer. The FTIR spectra were recorded on a 670-IR (Agilent) spectrophotometer.

Synthesis of PVDF-G*n* graft copolymers
---------------------------------------

PVDF (3.0 g) was dissolved in NMP (30 ml) at 60°C. Once the PVDF had completely dissolved in NMP, tBA (18.02 g, 93.5 mmol), CuCl (0.03 g, 0.202 mmol), and HMTETA (0.127 g, 0.367 mmol) were added to the PVDF solution at room temperature under an argon atmosphere. The reaction mixture was then heated at 120°C for a certain reaction time (either 12, 24, or 72 hours). After cooling to room temperature, the copolymer solution was poured into water/methanol (1:4, v/v) and filtered off. The precipitated copolymer was stirred overnight in a large volume of hexane. The copolymer was then recovered by filtration, redissolved in NMP, and precipitated into water/methanol (1:4, v/v). Last, the graft copolymers were dried under a vacuum. For ^1^H NMR (400 MHz, C~3~D~7~NO), δ (ppm) values were as follows: 2.9 to 3.2 (br, 2H, −CF~2~--CH~2~--CF~2~--CH~2~--), 2.3 to 2.5 (br, 2H, −CF~2~--CH~2~--CH~2~--CF~2~--), and 1.4 to 1.65 \[br, 9H, −C(CH~3~)~3~\]. For PVDF-G10, the parameters used were as follows: *M*~n~ = 180.0 kDa, PDI = 1.58; for PVDF-G15, *M*~n~ = 201.8 kDa, PDI = 1.56; and for PVDF-G18, *M*~n~ = 218.5 kDa, PDI = 1.47.

Production of PVDF-based TENG
-----------------------------

In the experiment, the synthesized PVDF-G*n* solution was first cast into a film shape in a blocking layer on an SiO~2~/Si substrate and dried in the atmosphere at 60°C for 10 min to remove the DMF solution. This layer was then maintained at 90°C for 5 hours and cooled at room temperature. After the PVDF-G*n* film layer was peeled off from the substrate, the PVDF-G*n* film of 30 μm was obtained. To fabricate the TENG, a Kapton film was glued between Al foil and PVDF-G*n* film, followed by the attachment of Al electrode on the opposite side of the Kapton film, which acts as the top layer. The spacer between the bottom electrode and the PVDF-G*n* film was made of four springs with a length of 5 mm in each corner. Last, PVDF-G*n*--based TENGs were obtained. The effective area and gap distance of both PVDF and PVDF-G*n* films were 2 cm × 2 cm and 1 mm, respectively.

Characterization and measurements
---------------------------------

The morphologies of PVDF-based films were further characterized by a field emission SEM. The dielectric constants of the PVDF-based films were measured by an impedance analyzer (Agilent) over the frequency range of 10^2^ to 10^6^ Hz at room temperature. A pushing tester (model no. ET-126-4, Labworks Inc.) was used to create vertical compressive strain in the TENG. A Tektronix DPO 3052 digital phosphor oscilloscope and a low-noise current preamplifier (model no. SR570, Stanford Research Systems Inc.) were used for electrical measurements. Nanoindentation tests were carried out at a constant indentation strain rate of 0.05 s^−1^, with a maximum indentation depth of 20 μm, with a Berkovich indenter, using the DCM II module in Nanoindenter G200 (Agilent). The KPFM measurements were carried out using Park Systems XE-100 with Pt/Cr-coated silicon tips (tip radius, 25 nm; force constant, 3 N m^−1^; and resonance frequency, 75 kHz). KPFM images (3 μm × 3 μm) were scanned at a scanning speed of 0.5 Hz in the noncontact mode with a 2-V~ac~ signal with a frequency of 17 kHz. UPS (ESCALAB 250Xi, Thermo Fisher) was performed using the He I (*hv* = 21.2 eV) photon line of a He discharge lamp under ultrahigh vacuum conditions for measurement of the work function.
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fig. S1. Output voltages of PVDF-based TENGs.

fig. S2. Output performances of different polymer-based TENGs.

fig. S3. Output performance of pristine PVDF--based TENG with the resistance of external loads.

fig. S4. Average current density and charge density.

fig. S5. Calculated electrostatic potentials.

fig. S6. Capacitor charging properties of pristine PVDF--based TENGs.

fig. S7. AFM and SEM images of the PVDF-G*n* films.

fig. S8. Nanoindentation test for the PVDF-G*n* films.

fig. S9. Dielectric constant of PVDF-G*n* films according to PtBA mole percents.

fig. S10. Structures of PVDF and PVDF-G*n*.
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